A Ta-based oxynitride photocatalyst, BaTaO 2 N, was obtained by an ammonothermal method using supercritical ammonia as a reaction medium. Oxynitrides are generally obtained via multi-step reaction processes requiring high-temperature nitridation of an oxide precursor. In this study, we have successfully synthesized an oxynitride via a simple one-pot method. Moreover, BaTaO 2 N was obtained at a temperature approximately 300°C lower than that of the conventional method. NaNH 2 was selected as a basic mineralizer with the aim to improve the solubility of the starting materials in supercritical ammonia. Addition of NaNH 2 led to a BaTaO 2 N material with improved crystallinity (i.e., NaNH 2 inhibited lattice defects). Under visible light irradiation, Pt-loaded BaTaO 2 N samples reduced water into hydrogen in the presence of a sacrificial reagent.
Introduction
Water splitting using photocatalysts and solar energy has attracted significant attention as a clean hydrogen production process. This approach is based on the photodegradation reaction of water, which is known as the HondaFujishima effect, 1) and a number of photocatalysts have been subsequently discovered. Recently, visible light responsive photocatalysts have been widely researched to efficiently use solar energy. In particular, oxynitrides containing d 0 -or d 10 -type metals are visible light responsive photocatalyst candidates owing to their narrow bandgap (<3.0 eV). BaTaO 2 N is a perovskite-type crystal (Pm 3m, a = 4.113 ¡) with the narrowest band gap (1.8 eV) among the group of Ta-based oxynitrides.
2) BaTaO 2 N has been used as a hydrogen evolution photocatalyst in multi-step excitation mechanism (Z-scheme reactions) 3) and as a photoanode in photoelectrochemistry applications. 4) Several approaches have been developed with the aim to enhance the photocatalytic activity of BaTaO 2 N; namely, band engineering using a BaTaO 2 NBaZrO 3 solid solution, 5) and hetero-valent cation doping. 6) In the conventional synthesis method, BaTaO 2 N is obtained by heating an oxide precursor (e.g., Ba 2 ) under flowing ammonia above ca. 900°C. However, oxynitrides are generally thermally unstable.
11) Therefore, thermal decomposition is typically observed during high-temperature nitridation, thereby reducing the crystallinity of the oxynitrides. Lattice defects work as recombination centers between photogenerated electron and hole, thereby decreasing the photocatalytic activity. To solve this issue, highly crystalline oxynitrides are required to be synthesized at lower temperatures.
In this study, we developed a novel synthesis approach for BaTaO 2 N based on an ammonothermal method using supercritical ammonia. The supercritical fluid can significantly change the solvent properties (e.g., solubility, diffusivity, and ion product) depending on the temperature and pressure conditions. Taking advantage of these properties, (oxy)nitrides can be obtained at relatively lower temperatures while improving the crystallinity of the products. Several multinary (oxy)nitride powders (e.g., CaAlSiN 3 , 12) SrAlSiN 3 , 13) LaTaON 2 , 14) and LaNbON 2 15) ) have been synthesized via ammonothermal method. Moreover, the method is applied to a post-treatment of Ta 3 N 5 photocatalyst, enhancing the photo-catalytic activity by improving the surface characteristics of its particles. 16) To the best of our knowledge, only few studies have successfully synthesized multinary oxynitride materials using an ammonothermal method. Herein, we report the first synthetic approach for obtaining highly crystalline BaTaO 2 N by an ammonothermal method. Conventional ammonothermal synthesis of oxynitrides 14) , 15) requires an alloy precursor prepared by arc-melting as a starting material. However, this procedure can lead to volatilization of low boiling point components, and therefore, direct synthesis by a one-pot method is preferable. In this study, we demonstrated a synthesis route involving a simple one-step process, in contrast to the conventional multi-step process.
Experimental

Synthesis of BaTaO 2 N by an ammonothermal method
Ba 3 N 2 (Taiheiyo Cement Co.), TaON, NaOH (Kojundo Chemical Laboratory Co.), and NaNH 2 (Aldrich) were weighted as starting materials in a molar ratio of Ba/Ta/NaOH/NaNH 2 = 1/1/1/x (x = 1.0, 2.0, and 5.0) in an Ar-filled glovebox. TaON was prepared by heating Ta 2 O 5 (Kojundo Chemical Laboratory Co.) under flowing ammonia (50 mL/min) at 850°C for 15 h. 17) NaOH was selected as an oxygen source, while NaNH 2 was added as a basic mineralizer to improve the solubility of the starting materials in supercritical ammonia. The weighted materials were placed in a bottom-sealed Ni tube, and the tube was subsequently transferred to a high-pressure reaction vessel. The vessel was filled with liquid ammonia, and heated at 550700°C for 20 h. The pressure of the reaction system was maintained at 100 MPa during the reaction. After natural cooling, the obtained powder was washed with deionized water and a 1 M HNO 3 aqueous solution (to remove excess sodium and other impurities), and finally dried at 80°C.
We also synthesized a sample by filling the reaction vessel with nitrogen gas to determine the effectiveness of supercritical ammonia. The starting materials were weighted in a molar ratio of Ba/ Ta/NaOH/NaNH 2 = 1/1/1/1. The reaction vessel was heated at 650°C for 20 h. The pressure of the reaction system was increased up to 10.8 MPa during the reaction.
Characterizations
The different crystal phases of the products were identified by X-ray diffraction (XRD; Ultima-III, Rigaku, Cu K¡ radiation). The particle morphologies of the products were observed by scanning electron microscopy (SEM; S-5200, Hitachi). Optical measurements were performed by using an ultravioletvisible (UVVis) spectrophotometer (V-550, JASCO). Qualitative surface analysis of the products was carried out by X-ray photoelectron spectroscopy (XPS; JPS-9010, JEOL). Thermal analysis of products was performed by thermal gravimetricdifferential thermal analysis (TGDTA; Thermo plus EVO2, Rigaku). The samples were heated from room temperature to 1000°C under air atmosphere.
Photocatalytic activity measurements
The photocatalytic activity of the oxynitride products was measured in a Pyrex reaction vessel connected to a closed gas circulation system. Each sample was loaded with Pt at 0.3 wt % as a cocatalyst for hydrogen evolution. The samples were impregnated with a H 2 PtCl 6 (Kanto Chemical Co.) aqueous solution, followed by H 2 reduction 8) (200°C, 1 h). The photocatalytic reaction of Pt-loaded samples (0.10 g) was carried out in a 20 vol % CH 3 OH (Wako Pure Chemical Industries Ltd.) aqueous solution with a total volume of 100 mL. A 300 W Xe lamp ( > 420 nm) was used as a light source. Qualitative and quantitative analyses of the evolved gases were carried out by gas chromatography (GC; GC-8A, Shimadzu, Thermal conductivity detector (TCD)).
Results and discussions 3.1 Effect of the reaction temperature
We first investigated the effect of the reaction temperature. For these experiments, all the samples were synthesized with Ba/Ta/ NaOH/NaNH 2 molar ratio of 1/1/1/1. Figure 1 shows the XRD patterns of the samples synthesized at various temperatures under supercritical ammonia or high-pressure nitrogen atmospheres.
The XRD patterns of the samples synthesized at temperatures higher than 600°C corresponded with that of BaTaO 2 N (ICDD 01-084-1748). Thus, BaTaO 2 N was obtained at a temperature approximately 300°C lower than that of the conventional method.
3),4) The intensity of the XRD peaks increased while their full widths at half maximum decreased with the reaction temperature, thereby indicating that the crystallinity of the product was improved. However, the samples synthesized at temperatures higher than 650°C contained NaTaN 2 and other unknown phases as impurities. According to a previous study dealing with the ammonothermal synthesis of multinary nitrides, 18) the synthesis mechanism involves the formation of amide (or imidamide) intermediates via dissolution of the metal composition in supercritical ammonia, followed by decomposition of more polymerized intermediates with the release of ammonia. Considering a similar mechanism herein, Ba-based and Ta-based amide (or imidamide) intermediates are formed and oxygen is partly introduced as some functional groups (e.g., hydroxyl-and oxo-ligands) during the first reaction step. In addition, we believe that the detected impurities are formed via thermal decomposition of the Na-Tabased intermediates as follows:
When the synthesis was performed under high-pressure nitrogen atmosphere, peaks corresponding to BaTaO 2 N were detected, although their intensity was significantly lower than that of sample obtained under supercritical ammonia. In this case, the reaction (similar to a solid-reaction) may occur under high-pressure nitrogen atmosphere, with Ba 3 N 2 , TaON, and NaNH 2 being the nitrogen sources. Consequently, the effectiveness of the supercritical ammonia reaction medium was confirmed from the viewpoint of improving the crystallinity of the oxynitride product. Figure 2 shows SEM images of samples synthesized at various temperatures under supercritical ammonia or high-pressure nitrogen atmospheres. The samples synthesized below 600°C or under nitrogen atmosphere showed agglutinated particles with an indefinite shape. On the other hand, cubic-like particles corresponding to the crystal system of BaTaO 2 N were observed in samples synthesized above 650°C. The particle size increased with the reaction temperature since grain growth was promoted via a solution-deposition mechanism in supercritical ammonia reaction medium. Similar to other solution processes, the ammonothermal synthesis resulted in particles with smooth surface, whereas porous particles were generally observed when the oxynitride was synthesized from an oxide precursor. 4) Moreover, particles with different sizes and shapes were observed, thereby suggesting that grain growth and nucleation simultaneously proceeded during the reaction. To overcome this issue, it seems necessary to carefully optimize other reaction conditions such as the heating and cooling rates. Figure 3 shows the UVVis diffuse reflectance spectra (UV Vis DRS) of the samples synthesized at various temperatures under supercritical ammonia or high-pressure nitrogen atmospheres. All the samples absorbed visible light above 600 nm. The colors of the obtained samples changed from yelloworange to reddishorange upon increasing the reaction temperature. The absorption edge wavelength of these samples shifted toward shorter wavelengths (i.e., blue shift) as compared to the conventional method, 8) ,10) indicating a lower N/O ratio as compared to the stoichiometric value of BaTaO 2 N. In this synthesis, TaON and NaOH may react as oxygen sources, and the total amount of oxygen corresponds with the molar ratio of BaTaO 2 N. However, since a reaction performed in a closed system is easily affected by the presence of impurities or moisture, the oxygen derived from air or adsorbed by the reagents can lead to excessive oxygen content in the final product. The intensity of the background absorption in the longer wavelength region decreased with the reaction temperature. This absorption was attributed to the presence of Ta 5+ reduction species or anion defects. 8) Therefore, the formation of these species or defects was inhibited upon increasing the reaction temperature.
Effect of the amount of NaNH 2 mineralizer additive
Next, we investigated effect of the amount of NaNH 2 mineralizer additive. In this case, the reaction was performed at 650°C because of the high crystallinity and low level of impurity contamination of the samples. Figure 4 shows the XRD patterns of the samples synthesized by adding different amounts of the NaNH 2 mineralizer. A single BaTaO 2 N phase was formed and the intensity of this phase peak was maximum when NaNH 2 was added in a molar ratio of x = 2.0. This result indicated that the solution-deposition reaction was favored at these conditions. The position of this peak slightly shifted toward higher angles (ª = «0.05°) with the amount of NaNH 2 . This result suggests that a low amount of Na derived from NaNH 2 was introduced into Ba sites, given the lower ion radius of Na (1.39 ¡ 19) ) as compared to Ba (1.61 ¡ 19) ). Similar results were reported in previous study dealing with BaTaO 2 N synthesized by the basic flux method 20) (i.e., Na derived from the basic flux was partly introduced into Ba sites). Figure 5 shows UVVis DRS of the samples synthesized by adding different amounts of NaNH 2 . The background absorption in the longer wavelength region was minimized upon addition of NaNH 2 in a molar ratio of x = 2.0. Therefore, the number of recombination centers for electronhole seemed to decrease by inhibiting the formation of Ta 5+ species and anion vacancies. Additionally, the absorption edge shifted toward short wavelengths with the amount of NaNH 2 additive. This indicates that the band gap of the product was expanded because of its excess oxygen contents (O/N > 2). This phenomenon can be mainly explained by two possible causes. One is the reaction of NaNH 2 with the moisture adsorbed on the reagents or remained in the reaction system. Thus, NaNH 2 can react with H 2 O to form NaOH, thereby increasing the amount of oxygen source. Second, the increase of the oxygen content may occur via contamination of the sodium derived from NaNH 2 . In this case, it is considered that N 3¹ can be replaced by O 2¹ to compensate for the unbalanced charge upon substitution of Na + with Ba 2+ . We performed XPS to investigate the effect of sodium contamination. Figure 6 shows the XPS wide and Na 1s narrow spectra of the sample synthesized with a molar ratio of x = 1.0. As shown in the wide spectra, peaks attributed to Ba, Ta, O, N, and C were detected. No sodium and other major impurities were detected in all samples (x = 1.0, 2.0, and 5.0). Therefore, blue Journal of the Ceramic Society of Japan 125 [8] 643-647 2017 shift in the UVVis DRS is believed to be produced by the reaction of NaNH 2 with H 2 O, whereas sodium has little effect on the band structure of the product. However, XPS only allows analysis of the surface several nanometers in depth. Thus, the elemental composition may accurately differ between the surface and balk of the samples. According to a previous report on NH 3 assisted flux growth of BaTaO 2 N, 21) small amounts of potassium derived from KCl flux were detected by energy dispersive X-ray spectrometry and inductively coupled plasma-optical emission spectrometry, whereas no potassium peak was observed by XPS. Based on this information, although the product synthesized by the ammonothermal method may contain sodium in its bulk (given the lower ion radius of sodium as compared to potassium), it is estimated that its content is very low. Figure 7 shows the TGDTA curves of the sample synthesized with a molar ratio of x = 1.0. After calcination of the sample in air atmosphere, the color of the powder changed to white, confirming the oxidation of the oxynitride. As shown in the TGDTA curve, a strong weight gain was observed at ca. 700°C accompanied with an exothermic reaction. A similar thermal behavior was reported in previous studies. 21),22) At this stage, it is believed that a transition from oxynitride to oxide is produced. Desorption of nitrogen was produced by thermal de-composition of the sample, followed by introduction of oxygen into the crystal lattice. The weight increase will be only 0.5% assuming BaTaO 2 N is oxidized to BaTaO 3.5 . However, measured weight increase in TG was ca. 3.1%. This result may be due to the presence of anion vacancies or the difference of chemical composition. Figure 8 shows the photocatalytic activities (i.e., hydrogen evolution) of the samples synthesized by adding different amounts of NaNH 2 mineralizer. All the samples loaded with a Pt co-catalyst exhibited hydrogen evolution activity arisen from the reduction of water in the presence of a sacrificial reagent under visible light irradiation ( > 420 nm). The sample synthesized with a molar ratio of x = 2.0 showed the highest photocatalytic activity because of its high crystallinity and low defect density characteristics (see XRD analysis and UVVis DRS results). Therefore, it is confirmed that these factors improved the carrier mobility while inhibiting the recombination reaction. On the other hand, the photocatalytic activity of the sample synthesized with a molar ratio of x = 5.0 considerably decreased, thereby suggesting that its lower crystallinity and excess oxygen content negatively affected the photocatalytic reaction. Consequently, these results indicate that major factors for hydrogen generation capacity are crystallinity and defect density of the BaTaO 2 N sample, although chemical composition can similarly involve its capacity. Ammonothermal synthesis with a basic mineralizer is effective in improving crystallinity of the product.
Conclusions
In summary, we have succeeded in synthesizing BaTaO 2 N by an ammonothermal method at lower temperatures (above 600°C) than the conventional method. Although the crystallinity of the products was improved by increasing the reaction temperature, a few impurities were formed. By optimizing the amount of NaNH 2 mineralizer additive, a single BaTaO 2 N phase was obtained with a lower defect density. The photocatalytic activities of the products were correlated with their crystallinity and defect density characteristics. This study represents a significant contribution since it is one of the few examples demonstrating ammonothermal synthesis of an oxynitride photocatalyst. Fig. 6 . XPS wide spectra and Na 1s narrow spectra of the sample synthesized with a molar ratio of x = 1.0. 
